Two intracranial tumor volume variables have been shown to prognosticate survival of stereotactic-radiosurgery-treated brain metastasis patients: the largest intracranial tumor volume (LITV) and the cumulative intracranial tumor volume (CITV). OBJECTIVE: To determine whether the prognostic value of the Scored Index for Radiosurgery (SIR) model can be improved by replacing one of its components-LITV-with CITV.
R
ecent estimates suggest that 25% to 45% of the cancer patient population will develop brain metastases (BM). 1 Because most chemotherapeutic agents are unable to penetrate the blood-brain barrier, surgery and radiation are the mainstay treatments for BM. 2 For surgically inaccessible BMs or small BMs without associated neurological deficits, radiation is the preferred treatment. Radiation delivery can be achieved by use of whole brain radiation therapy (WBRT), 3 hippocampal sparing WBRT, 4 and stereotactic radiosurgery (SRS). 5 Because of potential deleterious neurocognitive effects associated with WBRT, 6 SRS is increasingly utilized for BM patients with a limited number of metastases. 7, 8 Based on the Surveillance Epidemiology and End Results multistate cancer registry, SRS as treatment for BM has more than tripled in the past decade. 9 While recent studies show increased survival for a subset of patients with BMs after the introduction of molecularly targeted therapies 10 and immunotherapies, 11 the survival expectation for patients with BM as a whole remains poor. 12 With an expected median survival of 2 to 7 mo for all BM patients, 2,13 a major challenge in clinical management involves weighing the inherent risks of potential intervention relative to survival expectation. 14 In this context, several prognostic scales have been developed for patients afflicted with BM. [15] [16] [17] While the specifics of these scales differ, they generally involve the same clinical variables, including age, Karnofsky Performance Score (KPS), extracranial disease status, histology, and the number of metastases. [15] [16] [17] Intracranial tumor volume is an important prognostic factor for SRS-treated BM patients. [17] [18] [19] [20] The first prognostic scale to acknowledge the importance of intracranial tumor volume is termed Scored Index for Radiosurgery (SIR). SIR included 5 prognostic factors, including age, KPS, extracranial disease status, number of brain lesions, and volume of the largest intracranial tumor (LITV). 17 Our previous studies suggested that the cumulative intracranial tumor volume (CITV), or the sum volume of all intracranial metastases, may also serve as a critical prognostic factor for SRS-treated BM patients. [18] [19] [20] Here, we utilized the framework established by the SIR to test the prognostic performance of CITV relative to LITV.
METHODS

Study Cohorts
All data collection was performed under Institutional Review Board approved retrospective review, which included a waiver of informed consent. The first dataset consists of 3061 consecutive BM patients treated by TS (1998 TS ( -2014 . This study population is termed the "TS cohort". A posthoc sample size analysis of the TS cohort receiver operating characteristic (ROC) curves indicated that a minimum of 2055 patients would be necessary for a power of 0.80 21 to detect the effect size seen in the cohort. To ensure our validation cohort was sufficiently powered to detect a difference of similar magnitude, we combined the cohorts of patients treated by MH and CC (1994-2014 ) to a resulting data set of 2793 patients. This study population is termed the "MC" cohort.
Details of these cohorts have been previously published. [18] [19] [20] 22 In brief, every patient had a primary tumor confirmed outside of the central nervous system and underwent SRS without craniotomy. All patients were referred for SRS by a radiation or medical oncologist as well as a neurosurgeon. A multidisciplinary tumor board reviewed each of the SRS candidates. Patients who were recommended and underwent surgical resection were not included in the present analysis. For the purposes of our analyses, patients who underwent multiple radiosurgery treatments (n = 273-4.7% of all analyzed patients) were labeled as new patients, based on previously published findings that survival is comparable between patients receiving a singular round of SRS vs those receiving multiple SRS treatments. 20 Decisions to pursue SRS vs WBRT were personalized based on the patient's general medical status as well as the status of their oncologic disease. In general, the clinical practice pattern of the 3 treating surgeons conform to generally accepted guidelines, which include reserving WBRT for those with prohibitively large tumor volumes, those unable to follow up with surveillance MRIs, those with miliary disease, and those receiving radiation for the sole purpose of palliation. [23] [24] [25] Patient baseline characteristics for each data set are available in Table 1 . SRS was performed as previously described.
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Radiosurgery Parameters and Overall Survival
In both cohorts, in-house electronic medical record data were gathered, including age, KPS, extracranial disease status, number of BM, CITV, LITV, and overall survival. Only patients for whom each of these variables were known were analyzed; patients with any missing data (515 of 6369, or 8.1%) were excluded for the purposes of our analyses. We defined overall survival as the time (in months) from SRS to time of death. LITV was defined as the largest contiguous lesion present on the pre-SRS (T1-weighted postcontrast image) as calculated by the Elekta's Gamma Plan software. As previously published, 18 CITV was defined as the sum volume of all treated lesions, such that in patients with a single lesion, the CITV and LITV values were identical.
To facilitate comparison of the prognostic value of LITV and CITV, we set out to compare the sensitivity and specificity of 1-yr survival prognostication by SIR relative to a model where LITV was replaced with CITV (termed CITV-modified SIR). The SIR scale (termed SIR model) used in this study is as originally proposed 17 and included age, KPS, number of metastases, extracranial disease status, and LITV (see Table 2 ). We used the optimized cut-offs of LITV (<5, 5-13, and >13 cc) as previously reported by Weltman et al. 17 For the CITV-modified SIR model, all variables of SIR were included except that LITV was replaced with CITV. The optimized CITV cut-points (<3.5, 3.5-13, and >13 cc) were derived using methods similar to those used by Weltman et al for LITV (see Table 2 ). Median survival time (in months) for each of the point groupings is shown in Table 3 .
Statistical Methods
In order to justify direct comparison of CITV to LITV within the SIR model, we first needed to identify CITV as an independent predictor of survival. This was achieved by first performing a series of univariable analyses comparing the proportions and distributions of each SIR factor (ie, age, KPS, extracranial disease status, number of BM, LITV) across CITV groupings, to determine the extent of variability amongst SIR factors within distinct CITV groupings. Continuous factors were compared using ANOVA tests, while categorical factors were compared using chi-square tests. We next performed both a multivariable linear regression analysis and Cox proportional analysis to examine the predictive significance of CITV for patient survival (in months) after accounting for the remaining SIR factors (age, KPS, extracranial disease status, and number of BM). For relative comparison, the same set of multivariable analyses were performed examining the predictive capacity of LITV (ie, using the original SIR model factors). To more thoroughly compare the prognostic significance of CITV to LITV, a final set of multivariable analyses (linear regression and Cox proportional hazards) were performed including both CITV and LITV as predictors against the outcome of continuous survival; these models were examined to determine which variables retained prognostic significance upon the inclusion of both CITV and LITV.
For all multivariable models, the Akaike Information Criterion (AIC) was calculated, such that the goodness of fit could be compared between models which included CITV vs LITV. In brief, the AIC allows for the quantification of a model's goodness of fit while at the same time penalizing models that are over-fit and would limit the external validity of the model to new data (ie, other patients not contained within the dataset). When comparing 2 models, a lower AIC indicates an improved goodness of fit; a reduction in AIC of at least 2 is necessary for one model to be deemed superior to the other. 26 Finally, to directly compare the prognostic value of our CITVmodified SIR model to the traditional SIR model, we relied on the net reclassification improvement (NRI) and integrated discrimination improvement (IDI) indices, as well as the calculated change in area under the ROC curve ( AUC) to determine the extent of prognostic improvement afforded by the replacement of LITV with CITV within the SIR model. In each case, patient survival was defined according to the discrete time point of 12 mo. This time point was chosen in part due to its prevalent usage in the literature. [27] [28] [29] Calculating AUC allowed for comparison of true positive and false positive rates for a given test as a whole. Calculating NRI and IDI helps quantify the number of correctly reassigned cases (ie, false negative to true negative, false positive to true positive) after implementing a change in the model such as the replacement of LITV with CITV. Taken together, all 3 values provided complementary information as to the relative improvement in a prognostic model which may result from a change in one (or more) of its variables. 30 Statistical comparisons were performed with R version 3.2.3 and the predictABEL package for AUC, NRI, and IDI calculations. R's plotROC package was used to plot the ROC curves. All P < .05 were considered statistically significant.
RESULTS
Comparisons of LITV and CITV
Detailed descriptions of the 2 study cohorts (TS and MC) have been previously published. [18] [19] [20] 22 
FIGURE 1. Discrepancy between CITV and LITV in the TS cohort. A, Histogram showing the number of patients (y-axis) with a given largest lesion size (x-axis). Relative increase of CITV to largest lesion was color coded such that increasing intensity reflects greater discrepancy between CITV and LITV. CITV was as high as 400% of LITV for 10% to 30% of the SRS-treated BM patients for each category of LITV (shown in 1 cc increments on the x-axis). B, ROC curve showing
increased AUC for CITV relative to LITV for prognosticating 1-yr survival. Table 1 . Both cohorts showed comparable demographics, with similar distribution in age (mean age of 64.5 and 63.2) and sex (59.2% and 58.9% male). The distribution in cancer types was also similar, with a predominance of lung cancer patients in both cohorts (65.5% and 61.6% for TS and MC cohorts, respectively). We first characterized relative distribution of LITV and CITV for each SRS-treated patient in the TS cohort. We found that LITV and CITV differed significantly for the majority of the patients. The CITV was at least 50% greater than the LITV in ∼80% of the patients ( Figure 1A) . CITV was as high as 400% of LITV for 10% to 30% of the SRS-treated BM patients for each category of LITV. These results suggest that the majority of the BM patients treated harbored multiple intracranial lesions. Moreover, the sum volume of the intracranial lesions (CITV) differed significantly from that of the largest tumor volume (8.33 vs 5.33 cc, P < .001).
Prognostic Value of CITV
The results of our univariable analyses are shown in Table 4 . As shown in this table, KPS, extracranial disease status, number of lesions, and LITV were all found to differ for patients according to their CITV point grouping (ie, <3.5, 3.5-13, >13 cc). Only age was found to not significantly differ according to CITV point grouping.
Following our univariable analyses, we performed a series of multivariable analyses to determine the degree of prognostic significance of CITV for patient survival in the context of covariates from the SIR model. The results of our first multivariable analysis-a linear regression analysis, using the outcome of patient survival defined in months alive-are shown in Table 5 . As shown in this table, CITV was found to be significantly predictive of patient survival (in months) after accounting for patient age, KPS, number of metastases, and extracranial disease status. The AIC calculated for this was lower than that of a similar model in which LITV is used in place of CITV (25501 vs 25511), indicating an improved goodness of fit over the original SIR model. Finally, a third model, in which CITV and LITV were both included, found that CITV retained its prognostic significance (P < .001), while LITV dropped out of the model as a prognostic factor (P = .173).
We performed a second multivariable analysis using a Cox proportional hazards model. The results of this analysis again showed that CITV remained a significant prognostic factor for survival after accounting for patient age, KPS, number of metastases, and extracranial disease status ( Table 6 ). The AIC for our CITV model was lower than that of SIR (42428 vs 42445), indicating an improved goodness of fit over the original SIR model. Finally, when examining both CITV and LITV together in the same Cox model, only CITV retained its prognostic significance (P < .001), while LITV became statistically insignificant (P = .393). Taken together, these results suggest that CITV allows for finer survival discrimination within each value of LITV. To confirm this hypothesis, we generated an ROC for LITV and CITV as prognostic factors for 1 yr survival after SRS treatment in a univariable analysis ( Figure 1B) . Consistent with our hypothesis, the AUC for CITV (red) was greater than that of LITV (black), suggesting that CITV was a superior prognostic variable.
Prognostic Value of LITV Relative to CITV in the SIR Model
Finally, in order to directly compare the prognostic utility of CITV to LITV within the SIR model, we determined the prognostic value of the SIR in the TS cohort and compared this value to a model where LITV was replaced with CITV using the aforementioned statistical measures: NRI > 0 and IDI. For both measures, the prognostic value of the SIR model was significantly improved when LITV was replaced with CITV. The NRI > 0 was 0.2574 (95% confidence interval [CI] 0.1890-0.3257, P < .001) when comparing the SIR model where LITV was replaced with CITV (termed CITV-modified SIR model) relative to conventional SIR model (Table 7) . IDI revealed an improvement of 0.0088 (95% CI 0.0057-0.0119, P < .001) when comparing the CITV-modified SIR model relative to the conventional model. These results both support the notion that CITV is a superior prognostic factor relative to LITV.
Result Validation in an Independent Cohort
To validate our findings, we analyzed LITV and CITV in an independent cohort of 2793 patients treated by MH and CC (termed MC cohort). These analyses showed results highly comparable to those observed in the TS cohort. As was previously seen in the TS cohort, the CITV was at least 50% greater than the LITV in ∼80% of the patients in the MC cohort ( Figure 2A) . Similarly, CITV was as high as 400% of LITV for 10% to 30% of the SRS-treated BM patients for each LITV category. Univariable analyses (Table A, Supplemental Digital Content) showed that, consistent with our TS cohort, univariable analyses of our MC cohort found that KPS, number of metastases, extracranial disease status, and LITV all differed for patients according to their CITV point grouping (ie, <3.5, 3.5-13, and >13 cc). CITV was better associated with survival than LITV in our multivariable analyses (results are shown in Tables B and  C, Supplementary Digital Content) . Further, our CITV-based ROC curve showed a greater AUC relative to our LITV-based ROC ( Figure 2B ). When LITV in the SIR was replaced with CITV, NRI > 0 showed an improvement of 0.2604 (95% CI 0.1796-0.3411, P < .001), and IDI showed an improvement of 0.0051 (95% CI 0.0030-0.0073, P < .001; Table 7 ). These results validate the findings observed in the TS cohort and support the superior prognostic value of CITV relative to LITV for SRStreated brain metastasis patients.
DISCUSSION
Relevance of Findings
We previously demonstrated the importance of CITV as a prognostic factor for SRS-treated BM patients [18] [19] [20] . Here we compared CITV and LITV 17 in terms of their prognostic significance through a variety of statistical models, all of which demonstrate a superiority of CITV over LITV for predicting patient survival within the framework of the SIR model. Admittedly, the improvement in survival prognostication when comparing CITV and LITV was modest. However, this modest effect is to be expected since CITV includes LITV. The fundamental question is to what extent the tumor volume not accounted for by the LITV contributes to prognostication. Our study suggests these tumor volumes contribute to survival prognostication in a statistically significant albeit modest manner. To the best of our knowledge, this study is the first to address this issue.
Our analysis indicates that ∼80% of the patients with comparable LITV exhibited significantly different CITV, suggesting that CITV offers a more granular stratification of the SRS-treated BM population. When LITV in the SIR scale was replaced with CITV, sensitivity and specificity of predicting 1-yr survival was significantly improved in 2 independent cohorts of ∼6000 SRStreated BM patients. Impressively, the gain in prognostication, 
FIGURE 2. Discrepancy between CITV and LITV in the MC cohort. A, Histogram showing the number of patients (y-axis) with a given largest lesion size (x-axis). Relative increase of CITV to largest lesion was color coded such that increasing intensity reflects greater discrepancy between CITV and LITV. CITV was as high as 400% of LITV for 10% to 30% of the SRS-treated BM patients for each category of LITV (shown in 1 cc increments on the x-axis). B, ROC curve showing increased AUC for CITV relative to LITV for prognosticating 1-yr survival. Results were derived from the TS cohort.
as measured by NRI > 0 in both cohorts, exceeds the Cohen criteria of significance 11, 18, 30 and was on par with that observed for High-Density Lipoprotein (HDL) as a prognostic factor for myocardial infarction. 31 In aggregate, these results suggest that the CITV-modified SIR model offers superior prognostic value for SRS-treated BM patients relative to the SIR model with LITV, a finding further supported by the failure of prior studies to find a significant prognostic value for LITV. 16, 31 
Potential Explanations
There are several potential explanations for the superior prognostic value of CITV relative to LITV. Clinically, the differing CITV in patients with comparable LITV may influence the maximal dose of radiation dose delivered, thereby influencing the likelihood of local control. 32 For instance, in 2 patients with identical LITV, the patient with significantly higher CITV may have received lowered SRS dose due to dose constraints related to single-fraction treatment. 33 Alternatively, the tumors with differing CITV may reflect an underlying biology that is not captured by LITV. For example, the sizes and size distribution of the intracranial metastases may serve as imaging proxy for the biology of the primary cancer. For instance, the natural history and therapeutic responses of primary tumors that give rise to BM consisting of 1 dominant lesion and 3 smaller lesions may be different from those that give rise to 4 similarly sized lesions. These hypotheses are not mutually exclusive and may both contribute to the observed results.
Limitations
There are several limitations to our study. First, our study is subject to all biases inherent in retrospective analysis. To mitigate these biases, we validated our observation using an independent cohort of patients. 34 Second, the SIR model was developed without consideration for tumor histology. 17, 35 While examining CITV and LITV in this model afford direct comparison of these variables in an established prognostic scale, 17 we were unable to examine the effects of histology using an SIR-based framework for our augmented model. Future studies to examine the impact of histology on the prognostic value of CITV are warranted. Third, we rely partly on statistical measures (namely NRI and IDI) which carry inherent limitations. 36, 37 While NRI and IDI metrics allow for direct quantifiable comparison of the 2 different prognostic scales at hand in this study (SIR and CITV-modified SIR), both measures require a binary outcome in order to compare the SIR to our CITV-modified SIR. That said, the results of our multivariable models (using survival as a continuous variable) and AIC calculations highlight the prognostic superiority of CITV over LITV. Finally, our study fails to consider the survival impact of molecularly targeted therapy, immunotherapy, or the genetic mutation profile of the tumor. To the extent, survival expectations are increasingly modified by these agents, future studies should be devoted to study the interaction between CITV and these agents.
CONCLUSION
In 2 independent patient cohorts totaling ∼6000 patients, CITV consistently outperforms LITV as a prognostic variable when applied in the context of the SIR model.
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